Time in Motion: The Molecular Clock Meets the Microbiome  by Liang, Xue et al.
Leading Edge
PreviewsTime in Motion: The Molecular
Clock Meets the Microbiome
Xue Liang,1 Frederic D. Bushman,2 and Garret A. FitzGerald1,*
1Department of Systems Pharmacology and Translational Therapeutics
2Department of Microbiology
Perelman School of Medicine, University of Pennsylvania, PA 19104, USA
*Correspondence: garret@upenn.edu
http://dx.doi.org/10.1016/j.cell.2014.10.020
Thaiss et al. report that the intestinal microbiota undergoes diurnal oscillation, which is controlled
by host feeding time. Disruption of the host circadian clock induces dysbiosis, which is associated
with host metabolic disorders.Figure 1. Diurnal Oscillation of Intestinal
Microbiota Requires a Functional Host
Circadian Clock
(A) During the dark (active) phase, the mice eat
more frequently. During this phase, the intestinal
microbiota has higher abundances of Clostridiales
and Odoribacter and is poised for energy meta-
bolism, DNA repair, and cell growth. During the
light (resting) phase, the mice eat less frequently.
During this phase, Lactobacillus is more prevalent,
and the micobiome is poised for detoxification,
motility, and environmental sensing.
(B) When the host clock is disrupted either by ge-
netic manipulation (Per1/2/) or environmental
perturbation (jet lag simulation), the mice lost
rhythms in activity and feeding behavior. This
caused dysbiosis, as well as loss of diurnal oscil-
lations in composition and functional profiles.
Transplantation of this altered microbiota to GF
mice increased the propensity of recipient mice to
obesity and glucose intolerance.In mammals, multiple physiological,
metabolic, and behavioral processes are
subjected to the 24 hr circadian oscilla-
tions that are controlled by a master clock
in the hypothalamic suprachiasmatic nu-
cleus and peripheral clocks in most tis-
sues (Yang et al., 2013). Although gene
expression has been reported to oscillate
in environmental fungi and cyanobacteria
(Mihalcescu et al., 2004), it has been un-
known whether the intestinal microbiota
exhibit intrinsic circadian fluctuations. In
this issue of Cell, Thaiss et al. (2014)
demonstrate that both compositional
and functional profiles of the intestinal mi-
crobiota undergo diurnal oscillations in a
24 hr cycle in mice and provide prelimi-
nary concordant evidence from humans.
Disruption of the host circadian clock by
either genetic disruption or time shift
(simulated jet lag) caused dysbiosis, as
well as loss of diurnal rhythmicity in intes-
tinal microbiota in mice. Remarkably, pro-
pensities to both obesity and glucose
intolerance could be transmitted to
germ-free (GF) mice upon fecal transplan-
tation, suggesting that the dysbiotic mi-
crobiota actually contribute to disordered
metabolism in the host (Figure 1).
Intestinal microbiota are strongly
affected by eating behavior of the host.
For example, a 24 hr fast caused a signifi-
cant increase in the abundance of Bacter-
oidetes and a significant diminution in the
Firmicutes in mouse cecum (Crawford
et al., 2009). Furthermore, domination of
Bacteroidetes was also observed in the
microbiota of the fasted Burmese python,
but ingestion of a meal caused a shift to-
ward a Firmicutes-dominant composition(Costello et al., 2010). Thus, it is unsurpris-
ing here that, with rhythmic feeding pat-
terns, the abundances of more than 15%Cell 159of bacterial strains undergo diurnal oscilla-
tions in mice, including several abundant
orders such as Clostridiales, Lactobacil-
lales, and Bacteroidales. Up to 20% of
identified KEGG pathways encoded in
bacterial genomes fluctuate with a 24 hr
rhythm and do so in a coherent antiphasic
manner as has been described for clock-
controlled genetic programs in other tis-
sues (Rudic et al., 2005). For example,
genes for pathways involved in energy
metabolism, DNA repair, and cell growth
peak in abundance during the dark (active)
phase, whereas those involved in detoxifi-
cation,motility, andenvironmental sensing
peak during the light (resting) phase. The
diurnal oscillations in intestinal microbiota
are found to be controlled by feeding
time because restricted feeding during
the light phase only caused a 12 hr shift
as compared to restricted feeding during
the dark phase only (Figure 1)., October 23, 2014 ª2014 Elsevier Inc. 469
The authors then tested whether the
diurnal rhythm of the microbiota required
a functional circadian clock in the host.
They tested Per1/2/ mice that have a
disrupted circadian clock and no longer
possess diurnal activity and feeding
rhythms. In Per1/2/ mice, diurnal oscil-
lations are lost in both bacterial abun-
dance and metagenomic gene content.
The loss ofmicrobial oscillation is rescued
by providing rhythmic food accessibility,
disclosing feeding as a primary driver of
rhythmic behavior. Consistently, oscilla-
tions reconstituted by light-phase-only
feeding and dark-phase-only feeding
exhibit a 12 hr shift. The study of other
core clock gene disruptions will help
relate these findings more closely to the
clock rather than ‘‘off-target’’ effects of
Per genes.
What does all of this mean for human
biology? It has long been known that shift
work, which now involves up to 30% of
the workforce in developed societies
(Gordon et al., 1986), is associated with
an increased incidence of metabolic
syndrome and adverse cardiovascular
outcomes. However, these are mere as-
sociations, and many potentially relevant
factors such as income, educational level,
and social class aside from disordered
sleep/wakefulness cycles cosegregate
with shift working and may be of more
direct importance. Similarly, the associa-
tion of jet lag in humans with adverse
clinical outcomes is even less well devel-
oped, intellectually seductive and all as
the notion may be for peripatetic scien-
tists. Here, Thaiss et al. (2014) simulated
jet lag both by phase shifting in mice and470 Cell 159, October 23, 2014 ª2014 Elseviby performing experiments in a couple of
well-traveled healthy volunteers. Indeed,
the dysbiosis in disrupted mice and its
association with obesity and glucose
intolerance could be fecally transferred
to GFmice, attributing a functional conse-
quence to the microbiomic shifts. It
seemed that transfer of fecal pellets
from jet-lagged humans to GF mice may
also have had the same effect. However,
these uncontrolled experiments involved
only two subjects, the changes were
modest at best, and many factors are in
play during human jet lag well beyond a
shift to a different time zone.
So do these data establish a causative
linkage between adisorderedmicrobiome
and adverse clinical outcomes in shift
workers or thewell traveled?Hardly. How-
ever, they do raise the possibility of a
contribution from this source at least to
metabolic derangements in the mouse,
confirm the importance of feeding as an
environmental influence of importance
on the impact of the molecular clock,
and remind those studying the micro-
biome of the need to consider time as a
variable of importance in their study de-
signs. However, this work and earlier
studies of the intestinal epithelial clock
(Mukherji et al., 2013) raise intriguing
questions. First, given that host immune
system is influenced by the circadian
clock (Yu et al., 2013) and that the intesti-
nal microbiota are tightly regulated by the
immune system, howmight oscillating im-
mune regulation in the host modulate the
influence of feeding behavior? Similarly,
how does oscillation of the host metabo-
lome, itself influenced both by the molec-er Inc.ular clock and feeding behavior, impinge
on the microbiome? Which strains and
mechanisms are relevant to the appar-
ently communicable factors at play in the
fecal transfer of metabolic risk observed
in mice? Finally, it is time to design
adequately powered, well-controlled,
randomized, and blinded translational
studies to assess the relevance and
importance of such observations in mice
to human biology and disease.
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